Figure Types of adaptations needed in a system as the degree of climate change impact increases. Three variables are provided in y-axis. SEA: site-specific agriculture, PA: precision agriculture. Taken from ref. 5 , based on refs. 2, 6, 7 .
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In recent years, an increasing body of literature focused on developing improved frameworks for the adaptation of agriculture to climate change. Within this process, the term adaptation has been diversified and was subdivided into different forms of adaptation, often referred to as incremental, systemic and transformational adaptation (see refs. 2, 6 ).
It is important to note that the terms and the concepts of incremental, systemic and transformational adaptation are in the process of clarification and still lack uniform and consistent definitions 8, 9 . However, they do provide a systematic and uniform approach that can be used to address the challenges that arise within the context of climate change adaptation. The term viability threshold, which we employ in this paper, in particular, has experienced widespread attention recently and is an overarching theme within the latest IPCC Fifth Assessment Report (AR5) 1, 9 .
Transformational adaptation represents the last and most significant level of adaptation. The initial conditions that make transformational adaptation necessary are high vulnerability in areas, populations or resource systems and severe changes in climatic conditions 10 . In contrast to incremental and systemic adaptation, transformational adaptation implies a major shift away from the current organizational objectives of a system 8, 11 .
In the words of the WGII of the IPCC AR5 transformational adaptation "(…) changes the fundamental attributes of a system in response to climate and its effects" 1, 12 . Hence, the existing system is less viable than alternatives and its objectives have to be replaced or newly defined. According to Park et al. (ref. 8 ) transformational adaptation can be described as a process that changes fundamentally the function, form or location of an existing system. Rickards and Howden (ref. 6 ) expand the definition to include the point at which radical alteration that includes deep and long-term transformations is required. Large spatial, organizational and temporal scales can but do not necessarily have to be a characteristic to define and identify transformational change. More specifically, Park et al.
(ref. 8 ) state that transformational adaptation can happen at diverse scales, reaching from individual to collective as well as industry or regional levels. Therefore, the classification of adaptation strategies as transformation can be subjective and relative but nevertheless one important criterion is that the level of persistence of a system is lower than the introduced change 6 or resource system 10, 13 . Other typical transformation strategies are a change in land use, or an increase in diversification of income streams 14 . Moreover, incremental or systemic adaptation forms can become transformational when they are applied at large scales or when they are combined and therefore have more powerful impacts 10 . Given the drastic character of the changes required, transformational adaptation requires a higher adaptive capacity than incremental or systemic adaptation strategies 6 .
Despite the increasing body of academic literature that deals with the importance of transformational adaptation in the context of climate change and agriculture 13 , the concept itself remains "little studied and poorly understood" (ref.
6 , p247). Nevertheless, the WGII of the recent IPCC AR5 states "that incremental adaptation may not be sufficient to avoid intolerable risks, and therefore transformational adaptation may be required to sustain some human and natural systems" (ref. 9 , p3). At the same time, WGII suggests that the existing ambiguous definitions and the complexity of transformational adaptation could prevent the successful and effective implementation of the concept by policy makers 9 .
Transformational adaptation in the context of this study
We adopt a general definition of transformation (IPCC WGII), but apply it to quantify a very specific but important transformation case: transformation out of cultivating a major staple crop (see main text). One of the objectives of the work presented here is the spatial and temporal determination of cropping system transformations across sub-Saharan Africa for major staple crops. The term cropping system refers usually to the crops and crop combination cultivated by a farmer as well as to the crop sequences and management techniques applied on a particular field over a period of years 15 . In this paper, cropping system transformations take place when one or several crops of a cropping system become unsuitable and transformational adaptation has to occur. Hence, cropping system transformation can occur when certain crops become unsuitable and cease to be cultivated without crop replacement and/or when unsuitable crops are substituted. The substitution of a crop represents a change in the crop combination and might also imply changes in crop sequences and management techniques. Moreover, the addition of new, formerly not cultivated crops to a cropping system is considered as transformation. This implies that shifts in suitable area, as outlined in the examples on transformational adaptation given in Supplementary Text S2 (wine and coffee cultivation), can also cause cropping system transformation. 7 , also see ref. 16 ) illustrating the case of shifting suitability zones of coffee over altitudinal gradients in Central America. In this case, the transformation consists of crop substitution in low elevations from one high-value perennial cropping system to a different one, in this case from coffee to cocoa. This crop substitution was considered as transformation because, firstly, it implied the acceptance of fundamental changes in future crop suitability: current high suitability zones were projected with full agreement amongst different climate model projections to move to higher elevations. And, secondly, it implies the introduction of a new crop (cocoa), which is more suitable for the projected future conditions of this region. Recent empirical evidence suggests that transformation out of coffee-based livelihoods has been occurring in the last 20 years in Colombian coffee growing environments as a result of local warming and the incidence of pests and diseases 17 .
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For Africa, evidence for dietary shifts across many parts of Africa indicates that changes in both the consumption and production of crops can happen, with varied factors driving the changes 18, 19 , thus leading to crop and food systems transformations. The shifts in consumption of traditional cereals (sorghum and millets) to maize, wheat and rice, mainly driven by international market prices and heavy research investment 19, 20 , suggest that opportunities to influence both the supply (what is grown) and the demand (what is consumed) end of the supply chains are plausible entry points for cropping and food systems transformations. As is more broadly discussed in the main text, we argue that both incentives for growing better adapted crops as well as policies and strategies to foster their use and consumption will be critical to facilitating transformational changes.
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Figure S1 Earliest (i.e. multi-GCM minimum) (A) and latest (i.e. multi-GCM maximum) (B) time at which transformational adaptation is projected to occur for all crops analyzed in this study for RCP8.5. Light grey areas indicate areas where suitability of each crop is still above the respective viability threshold in more than 50 % of years in a 20-year period, i.e. where transformational adaptation is not needed during the 21 st century. Dark grey areas indicate areas where transformation should be undergoing at present. Table S1 . The projected driving biophysical constraints shown as the percentage of total area that requires transformational change for each region for RCP 6.0 and 8.5. Only areas where transformational adaptation is required are considered, hence precipitation and temperature constraints add up to 100%, but only the percentage of the prevailing constraint is shown. Red/blue coloring indicates that temperature/precipitation is the driving constraint, respectively. The presented numbers are GCM averages (µ) plus or minus the corresponding standard deviations (σ).
Regions: East Africa = EAF, Humid West Africa = WAF, South Africa = SAF, Central Africa = CAF and Sahel = SAH. Crop µ ± σ µ ± σ µ ± σ µ ± σ µ ± σ µ ± σ µ ± σ µ ± σ µ ± σ µ ± σ ) were assessed using only areas with less than 80% tree cover density as reported by ref. 44 . Also shown are the AUC values as indicators of agreement between the simulated suitability maps and the reference crop distribution reported by SPAM. The AUC was assessed using all area (AUC all area) and using only areas with less than 80% tree cover density (AUC FEX) as reported by ref. 44 . 
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